Cryptococcus neoformans is a fungal pathogen with a worldwide distribution (50) . Although it is ubiquitous in the environment and primary C. neoformans infection is acquired in childhood (1, 26, 61) , cryptococcal disease (cryptococcosis) occurs predominantly in immunocompromised hosts (10) , such as patients with AIDS (64) or hematological malignancies (49, 56) , patients receiving chemotherapy for malignancy (45) or immunosuppressive agents for organ transplantation (29, 63) , and those with underlying metabolic disorders (14, 32) . Recently, it has come to light that, in addition to occurring in the setting of immunosuppression, cryptococcosis also can stem from an exuberant immune response (11, 19) , such as that seen after immune reconstitution in AIDS patients on antiretroviral therapy (30) and in solid-organ transplant recipients (59) . Cryptococcosis also can occur in apparently immunocompetent individuals (4), although they also may have subtle but unidentified immune defects (43) .
C. neoformans infection may manifest as a pulmonary or cutaneous disease, but the most devastating and common complication is meningoencephalitis. Cryptococcal meningoencephalitis is difficult to treat despite the availability of antifungal agents that are active against C. neoformans in vitro, because these agents often cannot eradicate the organism in the setting of immune suppression (52) . Given that the development of cryptococcosis is largely attributable to host immune impairment, approaches to disease prevention that are focused on augmenting host immune mechanisms against C. neoformans are a logical adjunct to antifungal agents. In this regard, a cryptococcal vaccine makes sense, with the caveat that many instances of cryptococcal disease are thought to reflect the reactivation of latent infection (25, 61) . Therefore, a vaccine for C. neoformans would have to be effective in the setting of latent or previous infection.
The rationale for a vaccine for C. neoformans that elicits antibodies to the capsular polysaccharide glucuronoxylomannan (GXM) is based on the ability of such antibodies to augment the host response to experimental cryptococcosis to the benefit of the host (19) . The efficacy of a conjugate consisting of a decapeptide mimotope (P13) of GXM and a carrier protein in prolonging the survival of mice after a lethal challenge with C. neoformans has been demonstrated previously (24, 51, 67) . Vaccine-mediated protection in these models was associated with a reduction in the levels of serum GXM and the production of antibodies to GXM that were shown to prolong the survival of naïve mice with C. neoformans infection (24, 41, 42) . To determine the effect of P13-protein conjugate vaccines in the setting of an alreadyestablished infection, we developed a model in which mice that had been infected with C. neoformans were vaccinated and monitored to determine the effect of vaccination on the course of infection.
Scientific, Fairlawn, NJ) using a SkanWasher 400 automatic 96-well microplate washer (Molecular Devices, Sunnyvale, CA); all incubations were at 37°C for 1 h. The plates were developed for 1 h using 1 mg/ml p-nitrophenyl phosphate substrate (Sigma, St. Louis, MO) and read at 405 nm using a Sunrise spectrophotometer (Tecan Austria GmbH, Grödig, Austria). The standard curve was generated from the absorbance values of the standard dilutions using nonlinear regression and a sigmoidal equation with a variable slope (GraphPad Prism for Windows, version 5.01; GraphPad Software, San Diego, CA), and the GXM concentrations in test samples were extrapolated from the regression curve.
Vaccine preparation, vaccination, and sample collection. Tetanus toxoid (TT) was obtained from the University of Massachusetts Biologic Laboratories, Worcester, and diphtheria toxoid (DT) was obtained from Sigma. P13 conjugates consisting of P13 conjugated to TT (P13TT) and to DT (P13DT) were synthesized by a process involving a thioether linkage, as previously described (24) . The mice were divided into groups of similar mean serum GXM concentrations based on day-20 values. Following the protocol previously established in the laboratory (24, 41) , mice were vaccinated subcutaneously (at the base of the tail) with 10 g per mouse of either P13DT or P13TT or, as the respective control, DT or TT, along with Alhydrogel (50 l per mouse; Accurate Chemical and Scientific Corp., Westbury, NY) prepared in 0.85% saline. Mice were revaccinated on day 26 (first experiment) or at 3 weeks (subsequent repeats) after vaccination. Serum samples were collected at a postvaccination (PV) time point (day 18 for the first experiment, and 24 h, 72 h, and days 7 and 15 for repeats) and one or two postrevaccination time points (days 34 and 84 PV for the first experiment; days 21 and 31 PV for repeats), and the serum GXM concentration was assayed as described above. In the i.v. acute low-inoculum infection model, mice were vaccinated (or given corresponding controls) only once at day 3 following infection.
Passive protection experiments. Sera collected from chronically infected, vaccinated BALB/c mice at day 10 PV (day 14 postinfection) were pooled for each group, heat inactivated at 56°C for 30 min, diluted 1:10 in sterile PBS, and administered i.p. to naïve BALB/c mice 4 h prior to lethal i.v. challenge with 5 ϫ 10 4 CN24067. Mice were observed daily, and survivals were recorded. Quantitative real-time PCR. Quantitative real-time PCR was performed to determine the levels of gamma interferon (IFN-␥), interleukin-6 (IL-6), and IL-10 mRNA expression in peripheral blood cells, using the Bio-Rad Laboratories iCycler IQ real-time PCR detection system (Bio-Rad, Hercules, CA). Mice were bled retroorbitally under anesthesia as described above, and 100 l of blood was diluted with the same volume of UltraPure DNase/RNase-free distilled water (Invitrogen, Carlsbad, CA), placed in 600 l of TRIzol LS (Invitrogen), and frozen at Ϫ80°C for storage; prior to use, samples were thawed at room temperature (15 to 30°C) and left at room temperature for 5 min to permit the complete dissociation of nucleoprotein complexes. RNA was extracted by following the TRIzol LS protocol according to the manufacturer's instructions. The purity of the RNA was estimated by measuring the ratio of absorbances at 260 and 280 nm, and the samples with ratios Ն1.8 were accepted for processing. For cDNA synthesis, 1 g of sample RNA or standard RNA (mouse spleen RNA; Ambion, Austin, TX) was reverse transcribed using an iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer's instructions. The cytokine primers used for the PCR were chosen from ones previously used in the laboratory (9) (all 5Ј to 3Ј): IFN-␥ forward, CCTGCGGCCTAGCTCTGA; IFN-␥ reverse, CAGCCAGAAACAGCCATGAG; IL-6 forward, ACAACCACG GCCTTCCCTACTT; IL-6 reverse, CACGATTTCACAACCACGGCCTTCCCT ACTT; IL-10 forward, CTTGCACTACCAAAGCCACA; IL-10 reverse, TAAGA GCAGGCAGCATAGCA; glyceraldehyde 3-phosphate dehydrogenase (GAPDH; a housekeeping gene for expression normalization) forward, CATCGCCTTCCGT GTTCCTA; GAPDH reverse, GCGGCACGTCAGATCCA. PCR amplification was performed with IQ Sybr green Supermix (Bio-Rad) at 95°C for 5 min and 45 cycles of 95°C for 15 s, followed by 62°C for 45 s for all mRNAs. A standard curve was generated by plotting threshold cycle values against the input mouse splenic cDNA concentrations. The results were analyzed in the iCycler Optical System software, v.3.1 (Bio-Rad). The concentrations of the experimental samples were determined by interpolating threshold cycle values into the standard curve, and expression levels were computed by normalizing each cytokine concentration (in nanograms/milliliter) to the concentration of GAPDH cDNA in the sample (therefore, the resultant value had no unit of measurement).
Statistical evaluations. Serum GXM concentrations were analyzed using Student's t test for between-group comparisons after ascertaining the normality of distribution of the relevant data using a Kolmogorov-Smirnov test with a DallalWilkinson-Lilliefors P value; for small sample sizes, where necessary, data were normalized using logarithmic transformations (GraphPad Prism). Survival data were analyzed by comparing Kaplan-Meier survival curves with a log-rank (Mantel Cox) test (GraphPad Prism); after the log-rank test, a Gehan-Breslow-Wilcoxon (GBW) modification of the log-rank test was used in an exploratory manner to apply weightage to early events in experiments in which differences in VOL. 15 
RESULTS
Vaccine efficacy in BALB/c and C57BL/6 mice: survival studies (experiments 1 and 2). P13DT vaccination resulted in a prolongation of survival of both BALB/c (median survival, 106 days) and C57BL/6 mice (median survival, Ͼ365 days) compared to that of DT vaccination (median survival for BALB/c mice, 86 days; for C57BL/6 mice, 268 days) (Fig. 1A and B) . Although the survival difference was not statistically significant (P13DT versus DT for BALB/c, P ϭ 0.2; for C57BL/6, P ϭ 0.3), a Cox regression hazard analysis showed that the P13DT-vaccinated mice had a 57% (BALB/c) and 52% (C57BL/6) reduction in the likelihood of death compared to that of the DT-treated mice. The lack of statistical significance (at ␣ ϭ 0.05) in otherwise biologically important observations in this experiment was found to be a function of small sample size (n ϭ 5 in each group), because variances among sample values were not significant (data not shown). A similar trend also was observed in P13TT-vaccinated BALB/c and C57BL/6 mice: P13TT vaccination prolonged the survival of BALB/c (median survival, Ͼ260 days) and C57BL/6 mice (median survival, Ͼ280 days) compared to that of TT-vaccinated (median survival for BALB/c, 31 days; for C57BL/6, Ͼ280 days) or PBS-treated controls (median survival for BALB/c, 51 days; for C57BL/6, 186 days) ( Fig. 1C and D) . Although these comparisons were not statistically significant for BALB/c mice (n ϭ 7), the survival of P13TT-vaccinated C57BL/6 mice was significantly longer than that of TT-vaccinated (P Ͻ 0.04) or PBS-treated (P Ͻ 0.02) mice (n ϭ 12). Also, by the Cox regression hazard analysis, P13TT vaccination was associated with a reduction in the risk of death compared to that of TT and PBS (BALB/c mice, 62 and 31% reduction, respectively; C57BL/6 mice, 88 and 85% reduction, respectively).
Effect of carrier proteins in P13 vaccines: survival studies of BALB/c mice (experiment 3). Studies to compare the effects of two carrier proteins, TT and DT, were performed in BALB/c mice, because they were more likely to die from the chronic infection than C57BL/6 mice. For each carrier protein (DT and TT), two independent experiments were performed, using the P13 conjugate as the vaccine and using the carrier and PBS as controls, and the data were pooled (for the P13DT experiments, n ϭ 11 for P13DT treatment, n ϭ 11 for DT treatment, and n ϭ 6 for PBS treatment; for the P13TT experiments, n ϭ 12 for P13TT, n ϭ 13 for TT, and n ϭ 12 for PBS). In the P13DT experiments ( Fig. 1E ), P13DT vaccination prolonged survival (median survival, 135 days) of chronically infected mice compared to DT vaccination (median survival, 81 days; GBW, P ϭ 0.09 [not significant at ␣ ϭ 0.05]) and PBS treatment (median survival, 56 days; GBW, P Ͻ 0.021). For the P13TT conjugate, the relative group differences were weaker (Fig. 1F) ; P13TT vaccination increased the median survival of mice to 140 days, compared to 134 and 52 days for TT and PBS, respectively, but the difference did not reach statistical significance. A Cox regression hazard analysis showed that P13DT vaccination was associated with a 50% reduction in the likelihood of death compared to DT and 61% compared to PBS, whereas P13TT reduced the likelihood of death by 40% compared to TT and 44% compared to PBS. Hence, in BALB/c mice, although the duration of survival of P13DT-and P13TT-vaccinated and PBS-treated mice was similar, DT-vaccinated mice survived longer than TT-vaccinated mice, with the caveat that the differences were not statistically significant.
Serum GXM levels in vaccinated mice. In BALB/c mice, P13DT-vaccinated mice had lower serum GXM levels on day 18 PV than DT-treated mice, but these differences were not statistically significant. Similarly, the P13DT-vaccinated C57BL/6 mice had lower serum GXM levels than DT-treated mice on all PV days tested, but the differences were not statistically significant ( Fig. 2A and B) . Differences in GXM levels between P13TT-vaccinated and TT-vaccinated controls were most prominent in C57BL/6 mice; however, the levels in the P13TT-vaccinated groups in both mouse strains were significantly lower (P Ͻ 0.04) than those in the PBS groups at the early PV time. At the other times we examined, differences in GXM levels between groups were not statistically significant ( Fig. 2C and D) .
For P13 vaccination with either carrier protein, the serum GXM concentration had a significantly negative correlation with survival times. For P13DT, the correlations between the day of death and serum GXM concentrations measured prior to death were the following: for BALB/c mice, Spearman ϭ Ϫ0.74, P ϭ 0.02; for C57BL/6 mice, Spearman ϭ Ϫ0.81, P Ͻ 0.011. For P13TT, the correlation between the day of death and serum GXM concentrations measured prior to death were the following: BALB/c mice, Spearman ϭ Ϫ0.66, P Ͻ 0.001; for C57BL/6 mice, Spearman ϭ Ϫ0.47, P Ͻ 0.042. A subgroup analysis revealed that the significance of this correlation was driven by the values in the DT-treated mice (P Ͻ 0.04 in both mouse strains) compared to those in P13DT-vaccinated mice (P Ͻ 0.12 and P Ͻ 0.19 in C57BL/6 and BALB/c mice, respectively). Similarly, in the P13TT experiments, this correlation for C57BL/6 mice was driven by the values in the TT-treated mice (P Ͻ 0.033). However, for the BALB/c mice, GXM values for both P13TT and TT were significantly correlated (P Ͻ 0.05) with the day of death. Representative figures of these correlations are shown ( Fig. 2G and H) . Overall, C57BL/6 mice showed better control of serum GXM levels and more resistance to the chronic CN24067 infection than BALB/c mice.
Vaccine efficacy in BALB/c mice: survival in acute low-inoculum infection model. The i.v. infection experiment was censored on day 64, when the last naïve infected control mouse died (data not shown). The mice vaccinated with P13TT demonstrated a prolongation of survival for about 2 months into the study period (median survival, 56.5 days) compared to that of the mice that received TT or PBS (median survivals, 35 and 30 days, respectively) ( Fig. 3A and B) . GBW P values for survival comparison between groups were the following: P13TT and TT, P Ͻ 0.25 (not significant); P13TT and PBS, P Ͻ 0.045. The P value for comparison between TT and PBS was not significant. P13DT and DT both were ineffective (data not shown).
Passive protection of naïve BALB/c mice with chronically infected, vaccinated BALB/c sera. Serum (collected on day 10 following vaccination, which was day 14 following chronic infection) from i.v.-infected, P13TT-vaccinated BALB/c mice (median survival, 18 days) prolonged survival in naïve BALB/c mice against a lethal cryptococcal challenge compared to that from TT-vaccinated (median survival, 16 days; log-rank P Ͻ 0.054; GBW P Ͻ 0.038) or untreated-infected mice (median ; and C57BL/6, Ͼ365. Median survival (in days) for DT-vaccinated mice: BALB/c, 86; C57BL/6, 268. P13DT-vaccinated mice had a 57% (BALB/c) and 52% (C57BL/6) reduction in the likelihood of death compared to that of the DT-treated mice (n ϭ 5 in each group). Median survival (in days) according to treatment type was the following: P13TT-treated mice, BALB/c, Ͼ260; C57BL/6, Ͼ280; TT-treated mice, BALB/c, 31; C57BL/6, Ͼ280; PBS-treated mice, BALB/c, 51; C57BL/6, 186. Survival in P13TT-vaccinated C57BL/6 mice was significantly higher than that in TT-vaccinated (P Ͻ 0.04) or PBS-treated (P Ͻ 0.02) mice and was associated with a reduction in the risk of death compared to that for TT and PBS treatment (BALB/c, 62 and 31% reduction, respectively; C57BL/6, 88 and 85% reduction, respectively) (BALB/c, n ϭ 7; C57BL/6, n ϭ 12). (E and F) Identically conducted experiments in BALB/c mice comparing the effects of TT and DT to those of P13. Data represent the composite of two sets of independent but identical experiments. For the comparison of the P13DT vaccination and DT vaccination, P ϭ 0.09; for the comparison of the P13DT vaccination and PBS, P Ͻ 0.021; each is by the GBW test. Median survival according to treatment type (in days): P13DT, 135; DT, 81; and PBS, 56. P13DT vaccination was associated with a 50% reduction in the likelihood of death compared to that for DT and was 61% compared to that for PBS (n ϭ 11 for P13DT; n ϭ 11 for DT; and n ϭ 6 for PBS). Median survival (days) according to treatment type: P13TT, 140; TT, 134; and PBS, 52. P13TT reduced the likelihood of death by 40% compared to that of TT and 44% compared to that of PBS (n ϭ 12 for P13TT; n ϭ 13 for TT; and n ϭ 12 for PBS). survival, 14 days; log-rank P ϭ 0.13, not significant). Compared to that of the infection control (median survival, 14 days), the prolongation of survival in the P13TT group was highly significant (log-rank P Ͻ 0.01) (Fig. 3C and D) . There was a borderline significant trend showing increasing efficacy from untreated-infected TT serum to P13TT serum in the prolongation of survival (log-rank test for trend, P Ͻ 0.059). Cox regression hazard analysis showed that, compared to the infection con- Serial GXM concentrations in serum samples from the P13DT vaccination study, collected at day 20 postinfection (d20 PI), day 18 PV (d18 pV), day 34 PV (d34 PV) for both BALB/c and C57BL/6 mice, and additionally at day 84 PV (d84 PV) for C57BL/6 mice (n ϭ 5 for each). (C and D) Data from the P13TT vaccination study; the times indicated are serum GXM levels prior to vaccination (PRE-vac), prior to revaccination (Pre-revac; data pooled from days 7 and 14 PV), early after revaccination (Early postrevac; data pooled from days 23 and 28 PV), or late after revaccination (Late postrevac; day 38 PV). Differences in GXM levels were not statistically significant at ␣ ϭ 0.05, except that at early postrevaccination times the P13TT group had significantly lower GXM concentrations (P Ͻ 0.04) than the PBS group in both mouse strains. (E and F) Negative correlations, observed across all groups, of serum GXM concentration with survival times; in P13DT studies, the correlations between the day of death and serum GXM concentrations measured prior to death were the following: BALB/c mice, Spearman ϭ Ϫ0.74, P ϭ 0.02; C57BL/6 mice, Spearman ϭ Ϫ0.81, P Ͻ 0.011. In P13TT studies, the correlations between the day of death and serum GXM concentrations measured prior to death were the following: BALB/c mice, Spearman ϭ Ϫ0.66, P Ͻ 0.001; C57BL/6 mice, Spearman ϭ Ϫ0.47, P Ͻ 0.042. trol, P13TT serum reduced the likelihood of death by 82% (P Ͻ 0.03), whereas these reductions in TT and untreatedinfected sera were 32 and 40%, respectively. Compared to untreated-infected serum, P13TT serum reduced, but TT serum enhanced, the likelihood of death by 70 and 13%, respectively, but neither difference was statistically significant. Serum from P13DT-or DT-vaccinated mice was not effective at all (data not shown). Sera from PBS-treated mice could not be tested. Study of the host cytokine milieu: single-point PV estimation. The expression levels of IFN-␥, IL-10, and IL-6 genes (as copy numbers of cytokine mRNAs) in whole blood were measured by real-time PCR at a single time, day 34 PV (day 58 post infection), a time that is 1 month after vaccination and nearly 2 months after infection, at which time the mice appeared well and were not expected to die from the chronic inoculum that had been administered. The cytokines chosen for study were selected because of their importance in the pathogenesis of cryptococcosis (see Discussion). Untreated, naïve C57BL/6 mice had a higher preexisting baseline expression of the cytokines compared to that of naïve BALB/c mice; however, for both mouse strains, the mean expression level of IL-10 was similar to that of IFN-␥ in the naïve mice, leading to an equivalent mean integral IL-10/IFN-␥ ratio in the untreated, naïve group of the respective strain (Fig. 4A to C) . For both C57BL/6 and BALB/c mice, the P13DT-vaccinated mice had lower levels of the cytokines that were examined compared to those of the control, DT-treated mice, though the results did not reach statistical significance, perhaps owing to the small sample size (n ϭ 4 to 6) ( Fig. 4A and B) . The P13DT-vaccinated groups had lower integral IL-10/IFN-␥ ratios in C57BL/6 mice, and higher ratios in BALB/c mice, compared to those of the controls. These differences in the ratios indicate an IL-10 (Th2)-dominant response in the P13DT-vaccinated BALB/c mice and 
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the same in the DT-vaccinated controls among the C57BL/6 mice (Fig. 4C) . Kinetics of PV cytokine changes in chronically infected mice. The expression of IFN-␥, IL-10, and IL-6 genes in whole blood, as measured by real-time PCR, was found to change over time in both BALB/c and C57BL/6 mice following vaccination with P13TT or the control treatments, TT and PBS (Fig.  5A to F) . In the BALB/c mice, the expression of all three cytokines gradually increased from day 7 PV, with a minimal difference between the groups. In the C57BL/6 mice, IFN-␥ and IL-10 expression levels were lower in P13TT-than in TT-vaccinated mice, and revaccination was associated with a reduction in IFN-␥ and IL-10 expression in the TT-treated group. P13TT-vaccinated C57BL/6 mice also had consistently higher IL-6 expression levels than TT-vaccinated mice. The cytokine response in PBS-treated mice followed the time frame of vaccination, including an increase after revaccination. In all groups, there was a highly significant positive correlation (P Ͻ 0.001) between the level of expression of the proinflammatory cytokine IFN-␥ and the antiinflammatory cytokine IL-10 (data not shown). The overall levels of cytokines detected in BALB/c mice were higher than those in C57BL/6 mice. For BALB/c mice, the ratios of IL-10/IFN-␥ levels were comparable between P13TT-and TT-vaccinated mice except on day 7; for C57BL/6 mice, the higher ratio in P13TT-vaccinated mice (compared to TT-vaccinated mice) seen at days 1 to 14 of vaccination was reversed after revaccination, but the differences were not statistically significant (Fig. 5G, H) . These cytokine levels were not directly correlated with the survival outcome, with P13TT-vaccinated mice surviving longer than the controls for both BALB/c and C57BL/6 mice (Fig. 1C, D) .
Correlation of cytokine levels with serum GXM concentration. In chronically infected (i.p. model) and vaccinated BALB/c and C57BL/6 mice from the survival experiments (described above), correlation analysis was performed on the cytokine mRNA expression levels of P13TT-vaccinated and control-treated mice and corresponding serum GXM levels. The IFN-␥ and IL-10 (but not IL-6) levels in the P13TT-vaccinated BALB/c mice (n ϭ 25 across all time points tested) and TTvaccinated C57BL/6 mice (n ϭ 22) were moderately associated (Spearman's range, 0.42 to 0.51) but significantly correlated (P Ͻ 0.05 for C57BL/6 and P Ͻ 0.02 for BALB/c) with serum GXM concentrations in individual mice (Fig. 6A to F) . The carriers did worse than the PBS controls in most experiments, suggesting that they exerted a detrimental effect. However, this correlation was not seen in any of the other vaccine or PBS control mouse groups. No correlation with GXM levels was found when serum IL-10 and IFN-␥ proteins were measured in BALB/c mice in a separate experiment that used commercial ELISA-based kits for cytokine measurement (R&D Biosystems, Minneapolis, MN); IFN-␥ was detectable in serum within 24 h of vaccination, but IL-10 did not appear in the serum in detectable quantities until day 7. There was no correspondence between measured serum protein (by ELISA) and the cytokine mRNA expression (by real-time PCR) (data not shown).
DISCUSSION
To our knowledge, this study is the first to investigate the feasibility of vaccination for C. neoformans in the setting of preexisting infection. This question is relevant to human cryptococcosis, which is a chronic disease that often reflects the reactivation of latent infection in patients with impaired immunity (25, 55, 61) . The model we developed for this study resulted in a chronic C. neoformans infection that progressed over time. Interestingly, we found that, when infected similarly with C. neoformans, naïve C57BL/6 mice survived longer than naïve BALB/c mice. Again, though the P13-protein conjugate vaccination of both strains of chronically infected mice resulted in a prolongation of their survival compared to that of control mice, the degree of protection was influenced by the mouse strain; P13-vaccinated C57BL/6 mice survived longer than P13-vaccinated BALB/c mice. This finding is consistent with studies of antibody-mediated protection in experimental murine cryptococcosis that reported an association between antibody efficacy and the mouse genetic background (53) .
Based on our finding that heat-inactivated sera from P13TT-vaccinated mice conferred protection in naïve mice, it is likely that P13TT-mediated protection involved the enhancement of antibody-mediated immunity. Ideally, the hypothesis that immunity is antibody mediated is supported by specific antibody titers. However, we were not able to determine antibody titers in the setting of chronic infection because of the presence of serum antigen (GXM). GXM forms immune complexes with serum antibodies that confound accurate measurements of specific antibody. In support of the hypothesis that protection was antibody mediated, P13TT was ineffective in B-cell knockout (MT) mice (data not shown). Furthermore, there is ample data from previous studies of naïve mice that the P13-protein conjugates induce GXM-reactive antibody (24, 41) . In this regard, the passive immunization results reported herein corroborate previous studies with P13-protein conjugates, in which immune sera from vaccinated mice enhanced the survival of naïve, infected mice (24, 42) . In aggregate, these observations suggest that vaccines that induce antibody-mediated mechanisms of protection against C. neoformans hold promise in the setting of acute and latent infection. Nonetheless, the modest degree of protection conferred by passive immunization in this and other studies with P13-protein conjugates underscores the need to gain a better understanding of mechanisms that govern antibody-mediated protection and to identify parameters by which it can be measured. The efficacy of defined antibodies to GXM in murine cryptococcosis has been well documented (12, 40) . Since mixtures of protective and detrimental antibodies can diminish antibody-mediated protection (48) , the use of polyclonal sera in this study might have contributed to the modest degree of protection conferred by the passive transfer of immune sera. Another factor that could have reduced the efficacy of immune sera is the deleterious effect of GXM in the administered sera. Our data also raise the possibility of the carrier-mediated enhancement of disease; for example, TT vaccination was associated with a greater risk of death in all models tested. Some carriers induce detrimental antibodies to GXM (44) , and the robustness of the antibody response can be limited by carrier-mediated suppression (20) . We were not able to evaluate other carriers in this study.
P13-protein conjugate-mediated protection against acute, lethal cryptococcosis in naïve mice previously was shown to be associated with a reduction in serum GXM (24, 41, 42) . In the chronic infection model used in this study, there was a highly significant correlation between serum GXM levels and the day of death in both mouse strains, but GXM levels were not significantly reduced in P13-vaccinated mice compared to those of control mice. Hence, our data show that the effect of (3, 13, 58) . The lack of significant differences between the levels of GXM we found in P13-protein conjugate and control mice could be a function of the small sample size, a problem inherent in the chronic infection model (which is skewed toward and limited by the number of mice that do not clear the inoculum within 7 days, as estimated by serum GXM levels). It is also possible that, in our model, there might have been greater differences in GXM levels at later times after infection. However, the lack of association between GXM levels and clinical outcome might stem from other factors as well. The relationship between serum GXM levels and the fungal burden in murine cryptococcosis is uncertain. GXM is cleared from the serum and subsequently sequestered in tissues, predominantly liver and spleen (28, 34, 66) . Since the same level of serum GXM could be found in mice with different amounts of tissue sequestration, the amount of GXM in tissue and/or the number of organ CFU might be more predictive of disease status, with the caveat that antibody efficacy in murine cryptococcosis does not necessarily correlate with a reduction in the fungal burden (23) . Since GXM has deleterious effects and a specific antibody can reduce these effects by enhancing the clearance of GXM, the net GXM level in the serum of chronically infected mice could reflect a complex interplay among fungal growth and GXM sequestration in tissue. In light of these complexities, our data suggest that better surrogates for vaccine efficacy are needed, but to date none have been identified for cryptococcal disease. The survival differences between P13-vaccinated and control mice in our study suggest that the P13-based conjugates have beneficial effects on host immunity that cannot be predicted by serum GXM levels. To probe other mechanisms of protection in our model, we investigated the possibility that immunization induced differential immunomodulation, as observed for other diseases (38) . In the light of our previous observation suggesting that P13 conjugates enhance innate immune mechanisms (42) , as well as evidence that Th1-like immunity is important for host defense against cryptococcosis (60, 62) , we compared the expression of IFN-␥ (31, 68) and IL-10, an immunosuppressive cytokine that is linked to Th2-like immune responses (17, 46) , in P13-protein conjugate and control mice. In consonance with the evidence that cryptococcosis develops in the setting of a Th2-like bias (2, 33, 54) , we observed more expression of IL-10 than IFN-␥ in all experimental groups. Naïve C57BL/6 mice had higher baseline cytokine expression levels than naïve BALB/c mice, but the mean integral IL-10/IFN-␥ ratio was similar for both strains. However, this ratio changed in each mouse strain after infection and, subsequently, after vaccination. P13DT vaccination reduced the level of IL-10 relative to that of IFN-␥ in C57BL/6 mice, but it had the opposite effect in BALB/c mice, increasing the relative level of IL-10. Hence, vaccination with a P13 conjugate recapitulated the natural response, inducing more of a Th1-like response in C57BL/6 mice and a Th2-like response in BALB/c mice. In contrast, DT vaccination had the opposite effect, suggesting that DT and the peptide moiety (P13) had dichotomous effects on the immune response, depending on the mouse strain. Since toxoids are strong immunomodulators, it is not surprising that a carrier would have an independent effect. However, our analysis, which separated the effect of the carrier and the peptide-carrier conjugate, suggests the hypothesis that the carrier has reduced beneficial effects induced by the peptide moiety, which in turn contributed to a reduced effect of immunization on survival. Our data also suggest that vaccine efficacy depends only on the enhancement of a Th1-like immune response in C57BL/6 mice, since a lower ratio of IL-10 to IFN-␥ was associated with a beneficial effect only in C57BL/6 mice. P13TT vaccination also reduced the levels of IL-10 relative to those of IFN-␥ in C57BL/6 mice, albeit after revaccination, but in BALB/c mice, both P13TT and TT lowered the relative levels of these two cytokines. Regarding the relative importance of Th1-and Th2-like responses, Th2 cytokines, in addition to Th1 cytokines, enhanced antibody efficacy against C. neoformans in mice (6), albeit in acute lethal models of pulmonary cryptococcosis. Taken together, our data indicate that vaccine-induced immunomodulatory effects are a function of the carrier protein and the mouse strain and suggest that more studies are needed to identify the effects that promote vaccine efficacy in the setting of chronic infection.
Our observation that IL-6 mRNA expression was higher in control than vaccinated mice is at variance with data from an intracerebral cryptococcosis model (8) . This difference may stem from the use of different infection models, i.e., cryptococcal strains or mouse strains. However, the lack of correlation between IL-6 levels and the fungal burden in our study resembles that of a study on the similarity of cytokine profiles between AIDS patients with cryptococcosis and mice challenged systemically with C. neoformans (36) . IL-6 biology in cryptococcosis is not fully understood, as illustrated by the observation that opsonized C. neoformans elicited only IL-6 mRNA from immune cells during a narrow window of time following infection, and the IL-6 response depends on the cryptococcal strain (35) . We also examined IL-12 expression, but, consistently with the low level of IFN-␥ mRNA expression in our study, it was very low in all the groups (data not shown). There are several caveats to our cytokine studies. First, we chose to study the cytokines that we examined based on their historical importance in acute infection models of cryptococcosis, but other cytokines and chemokines and/or the enhancement of innate immune mechanisms could contribute to survival in the setting of a chronic infection model. In addition, we determined gene expression in peripheral blood cells, because this could be done nonterminally in the course of observing survival. However, cytokine expression in circulating cells might be inadequate to fully characterize the effect of immunization on the immune response to C. neoformans. In this regard, tissue cytokine gene expression and/or protein levels, albeit in a terminal model, are likely to be more robust and quantifiable (9) . The possibility of examining other cytokines and mediators notwithstanding, the study of individual cytokines could be unlikely to explain the immunomodulatory effects of immunization in chronic infection in light of the complex interplay of microbial and host factors with the added variables of vaccine, carrier protein, and the responses they induce. In this regard, the use of microarrays or other tech-VOL. 15, 2008 MIMOTOPE VACCINE EFFICACY IN MURINE CRYPTOCOCCOSIS 1185 niques to investigate vaccine-induced immune response signatures is likely to provide a more robust and complete picture. The carrier protein in the P13 conjugates influenced vaccine efficacy depending on the infection model used. P13DT prolonged survival in the i.p. infection model, whereas P13TT prolonged survival in the i.v. model. This phenomenon also was observed in vaccination challenge models in acute C. neoformans infection models (41) . Protein carriers can influence the specificity, function, avidity, and idiotype of the antibody response to polysaccharide-protein conjugate vaccines (5, 27, 57) . In addition, TT-conjugated antigens produce less anticarrier protein antibodies than DT-conjugated antigens, whereas DT conjugation can release more free haptens than TT (65) . The induction of nonprotective or detrimental antibodies by the carrier also is possible. For example, keyhole limpet hemocyanin-induced antibodies were detrimental in mice that were vaccinated with another GXM mimotope conjugated to keyhole limpet hemocyanin and infected with C. neoformans (44) . Our data support the conclusion of previous studies that more work is needed to identify the optimal carrier protein for mimotope vaccines for C. neoformans.
In summary, in this study, we employed a novel chronic infection model to investigate the efficacy of GXM peptide mimotope-protein conjugates in the setting of an already-established cryptococcal infection. It would be interesting to determine the ability of the P13-protein conjugates to enhance the host response to pulmonary infection, but the currently employed models of pulmonary disease are high-inoculum models that result in florid pneumonia, which is not representative of human disease. A pulmonary model that results in latent disease might recapitulate human disease more accurately, and we hope to develop such a model for future studies. However, we note that although it is not the natural route of infection, the chronic i.p. model we used in this study has several important features of human disease, such as (clinical) progression with meningitis as a terminal event (as observed from the recovery of CFU from the brain). Our data show that the vaccination of chronically infected mice with a GXM peptide mimotope-protein conjugate resulted in the prolongation of their survival; however, there were differences in vaccine efficacy and the immunomodulatory effects of the conjugates in BALB/c and C57BL/6 mice. Although the precise mechanism by which immunization enhanced survival remains uncertain, our data indicate that protection was associated with the vaccine-mediated augmentation of the naturally occurring immune response to C. neoformans in both strains of mice. Our findings suggest that vaccine efficacy in the setting of chronic infection could be a function of the recapitulation of natural immunity and call for a better understanding of natural resistance to cryptococcosis.
